An analysis of the geometry of metal binding by carboxylic and carboxamide groups in proteins is presented. Most of the ligands are from aspartk and glutamic acid side chains. Water molecules bound to carboxylate anions are known to interact with oxygen lone-pairs. However, metal ions are also found to approach the carboxylate group along the C-O direction. More metal ions are found to be along the syn than the anti lone-pair direction. This seems to be the result of the stability of the five-membered ring that is formed by the carboxylate anion hydrogen bonded to a ligand water molecule and the metal ion in the syn position. Ligand residues are usually from the helix, turn or regions with no regular secondary structure. Because of the steric interactions associated with bringing all the ligands around a metal center, a calcium ion can bind only near the ends of a helix; a metal, like zinc, with a low coordination number, can bind anywhere in the helix. Based on the analysis of the positions of water molecules in the metal coordination sphere, the sequence of the EF hand (a calcium-binding structure) is discussed.
Introduction
The carboxylate anion in protein structures plays an important role in binding metal ions, especially calcium, both by direct binding (Martin, 1984) , as well as by influencing electrostatic interactions away from the metal center (Linse et al., 1988) . Einspahr and Bugg (1981, 1984) , have analyzed the geometry of calcium-binding to carboxylate anions in small model compounds. The directionality of metal-carboxylate interactions has been analyzed (Carrell et al., 1988) in terms of the binding of various metal ions with the syn and anti lone-pair orbitals; metal ions have a preference for the syn lone pair on a carboxylate oxygen atom (Figure 1 ). Similarly, in four out of five complexes of carboxypeptidase A and thermolysin, the metal coordination displays syn stereochemistry with respect to the carboxylate group of the inhibitor (Christianson and Lipscomb, 1988) . In this paper we analyze the geometry and the syn versus anti selectivity of metal ions interacting with carboxylate groups in all known protein structures. Besides the side chains of aspartic (Asp) and glutamic (Glu) acids, the C-terminus carboxyl group can also act as a ligand. Although side chains of aspargine (Asn) and glutamine (Gin) cannot exist as anions, they have similar size as those of Asp and Glu respectively, and have been included in this survey. Water molecules are ubiquitous in coordination spheres of many cations and their orientations with respect to carboxylate groups have also been analyzed. Secondary structural features of residues providing ligands to metal ions are analyzed in order to understand how metal binding sites are formed in proteins.
Materials and methods
The analysis is based on atomic coordinates from the Brookhaven Protein Data Bank (PDB) (Bernstein et al., 1977) . Only one protein was used to represent a family of homologous molecules, with the exception of trypsin and its zymogen, trypsinogen and phospholipase A 2 , which have two crystal structures with different numbers of metal ions. We have not analyzed recently determined structures (not yet included in the PDB) of many metalloproteins, like a-lactalbumin (Stuart et al., 1986) Table I . Unidentate and bidentate carboxylale ligands are represented by circles and crosses respectively; carboxamide ligands (Asn and Gin) are represented by triangles. The diagrammatic representation of the spherical polar co-ordinates used to express metal-carboxylate (or carboxamide) interactions is also shown. Ca (2) Ca (3) Ca (4) Ca(l) 
Ca (2) Ca (3) Ca (4) Zn Ca Dijkstra et al. (1981) , 1P2P, Dijkstra el al. (1983) ; 3CNA, Hardman and Ainsworth (1972) ; 5CPA, Rees el al. (1983) ; 2CPV, Moews and Kretsinger (1975) , 1CSE, Bode et al (1987) ; 3CLN, Babu el al. (1988) ; 4TNC, Satyshur et al. (1988) , 3ICB, Szebenyi and MofTat (1986) ; 1SGT, Read and James (1988); 3EST, Meyer ti al. (1988) ; 1HMQ, Stenkamp et al. (1983) ; 3PGK, Watson et al (1982) ; 1PPT, Blundell et al. (1981) , 2PRK, Betzel et al. (1988) . 3PTN, Marquart et al. (1983) ; 4SBV, Silva and Rossmann (1985) ; 2STV, Jones and Liljas (1984); 2SOD, Tainer et al (1982) , 2SNS, Cotton et al. (1979) , 3TLN, Holmes and Matthews (1982) ; 2TMV, Namba et al. (1989) ; 1PFK, Shirakihara and Evans (1988) ; 2TGA, Marquart et al. (1983) , ITON, Fujinaga and James (1987) ; 2WRP, Lawson et al. (1988) b l, 2 or A, B, etc. are used to distinguish different metal atoms or subunits in the same protein molecule. c As defined by Kabsch and Sander (1983) : B, residue in isolated ^-bridge; C, non-regular structure; E, extended strand, G, 3| 0 -helix; H. a-helix, S, bend. T. H-bonded turn. For a residue in a helix, its position from the nearest end of the helix is given in parenthesis. When the same residue appears in the table more than once, the secondary structural feature is assigned to one entry only. d O=OD in Asp, Asn; OE in Glu, Gin. C=CG in Asp, Asn; CD in Glu, Gin. c As defined in the text. Values inside the parentheses arc those involving 02 for bidentate ligands. f Atom labels 01 and O2, as given in PDB, have been interchanged. g The residue is in between a helix on one side and two residues, both with structure T or S, on the other side; in many PDB files, such a residue has been considered as the 1st residue of the helix. Consequently, this has been assumed to have the structure H in the text. h Crystallographic (or noncrystallographic)-symmetry-related position. The carboxyl group at the C-terminus of the polypeptide chain is the ligand. J Not classified as a ligand atom in the original publication.
galactose-binding protein (Vyas et al., 1987) , alkaline phosphatase (Sowadski et al., 1985) , DNase I (Suck and Oefner, 1986) , the large fragment of DNA polymerase I (Ollis et al., 1985) , phospholipase C (Hough et al., 1989 ) and a-amylase (Buisson et al., 1987) .
As in the case of small molecule structures (Einspahr and Bugg, 1981) , metal-carboxylate interactions ( Figure 1 ) can be classified as unidentate (metal interacting with only one oxygen atom) or bidentate (metal chelation by both the oxygen atoms of a carboxylate group). All carboxyl groups with either oxygen atom within 3 A of a metal ion have been used. In many cases the numbering of the oxygen atoms had to be changed. The oxygen atom (OD1 or OD2 in Asp, OE1 or OE2 in Glu) coordinating to the metal ion, or when both the oxygens are involved, the one closer to the cation, has been named 01 and the other O2. In cases where the same carboxylate group bridges two different metal ions, each oxygen atom is considered as Ol while expressing the geometry of the metal ion it binds to.
The relative position of the metal ion was expressed in the coordinate system depicted in Figure 2 . The ligand Ol atom is at the origin; the x axis is along the direction of the C-Ol bond; the carboxylate group is coincident with the xy plane, such that 02 is situated in the -x, +y quadrant; the z axis is along the normal to the carboxylate plane. The geometry of metal -ligand bonding is given by the following spherical polar coordinates: the M-Ol distance; the acute angle 0 between the M-Ol direction and the z axis; the angle 0 between the x axis and the projection of the Ol -M direction on the xy plane. The secondary structural features of all ligand residues were defined according to the method of Kabsch and Sander (1983) .
Results and discussion
All the geometrical parameters are recorded in Table I . Various groups providing carboxylate ligands are Asp (42 cases), Glu (29), Asn (11), Gin (1) and the C-terminus (1). In both the virus structures, 4SBV and 2STV (proteins are referred to by their PDB codes as given in Table I ), the C-terminal end is very close to the metal ion-in the former it is a direct ligand and in the latter the bonding is through a water molecule. In both the cases, the residue preceding the terminal residue is a ligand.
Orientation of the metal ion
The deviation of metal ions from the peptide plane, as given by the angle 6, is shown in Figure 3 . Most of the 6 values for unidentate cases are in the range 60-90°, indicating that there can be some deviation of metal ions from the carboxylate plane. This deviation is also known to be dependent on the type of metal At a position related by the 3-fold rotation of the virus particle 'Residue D40 does not have any hydrogen-bonded neighbor It is to be noted that Ca is in the active site of the enzyme and binds to the phosphodiester oxygen of the substrate The metal ion binds both to the main-chain carbonyl as well as the side chain carboxylate anion of the residue: this causes d to be negative.
ions (Carrell et al, 1988) . Bidentate cases are more planar and metals do not usually deviate by > 10° from the plane (6 values 80-90°) as has been observed in small molecular structures (Einspahr and Bugg, 1981) .
The distribution of metal ions in the plane of the ligand group is given by the angle 4> and is shown in Figure 2 . The range of this angle for bidentate cases is 65.8 (in 4TNC) to 109.1°( in 1TON). The bidentate binding in small molecule structures is very symmetric (the two M-0 distances nearly equal), whereby the two </ > values are close to 90° (Carrell et al., 1988) . The unidentate examples display a wider distribution of 0 values; the two limits observed are -75.3 (in 3CNA) and 76.5° (in 2CPV). However, metal ions are broadly clustered in three groups: around the syn lone pair (0=60°), close to the anti lone pair W>= -60°) and along the C-0 bond (4>=O°). In contrast, water molecules bound to Asp and Glu side chains usually approach along the lone-pair direction and a very few are along the C-0 direction (Thanki et al., 1988) . In small molecule structures, calcium ions show very little tendency to be collinear with the C-0 bond (Einspahr and Bugg, 1981) and similar observations have been made for many other cations (Carrell et al., 1988) . The linear interaction in protein structures may be caused by the need to achieve the optimum hydrogen-bonding environ- peds.oxfordjournals.org
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Interaction of metals with carboxyUc and carboxamide groups ment by the ligand carboxylate group, and also by the active site geometry (as in 2SNS, where the cation also binds to the phosphodiester oxygen of the substrate). It has been proposed that the syn lone pair on a carboxylate oxygen atom is more basic than the one at the anti position (Gandour, 1981) and various calculations have been performed to assess the basicity of these two lone-pair directions (Peterson and Csizmadia, 1979; Wiberg and Laidig, 1987; Li and Houk, 1989) . Chelating agents have been synthesized so that the metal can bind along the syn orientation (Marshall et at., 1988) . Although there are more metal ions along the syn than the anti lone-pair direction (Table I and Figure 2) , this seems to be influenced by the position of the ligand water molecule (see later). Carboxylate groups with metal ions in the anti region ( -ve <f> values) usually have the 02 atom involved in hydrogen bonding (Table II) . In most cases this bond is to the N atom of a residue close along the sequence and thereby imparting stability to the main-chain conformation around the metal center.
The carboxylate anion, by utilizing both its oxygens, can bind to two different metal ions. Such bridging carboxylate groups are found in 3CNA, 1HMQ, 3TLN and also in some recent structures like alkaline phosphatase (Sowadski et at., 1985) and phospholipase C (Hough et at., 1989) . Bridging residues D19 in 3CNA, E58 and D106 in 1HMQ, and E177 and D185 in 3TLN have +ve 4> values for both the metal ions; however, D10 in 3CNA and E190 have one +ve <f> and one -ve 4> value.
Bond lengths and angles
As metal ions are distributed over a wide range with respect to the carboxylate plane (Figure 2 ), M-O-C angles are also expected to vary over a wide range (Figure 4) . For bidentate cases, the angles lie in the range 80-110° and unidentate examples display a range of 110-170°. Metal ions interact with the peptide carbonyl group close along the C = O direction; and as a result, have M-0 = C angles in the range 140-170° ( Chakrabarti, 1990) . The metal -oxygen distance is known to depend on the coordination number of the cation (Chakrabarti et at., 1981; Einspahr and Bugg, 1984) and also on the M -O-C angle (Einspahr and Bugg, 1981) . The histogram in Figure 5 shows the distribution of Ca-O distances in various metalloproteins. It is unusual in small molecule structures to have these distances <2.0 or >2.8 A (Einspahr and Bugg, 1984) . The presence of a few such bond lengths is due to the lesser accuracy of protein structures and systematic errors that might have been introduced during model building and refinement.
Secondary structural preference
A metal binding to a ligand in the middle of a helix will find the approach of any other protein ligand sterically inhibited by the helix at one side. As a result, a carboxylate side chain from the middle of a helix can bind to a metal ion either with a low coordination number or with water molecules in its coordination sphere, occupying positions not accessible to other protein ligands. This is indeed the case, as can be seen in Figure 6 by the two types of metal ions binding at two regions of the same helix in thermolysin. In nature, zinc is often four or five coordinated (Bertini et at., 1985) . In 3TLN a Zn ion is bound to a Glu residue in the middle of a helix; it is bound to only two other His residues and a water molecule. Similarly, a Zn bound to the middle of a helix in 1PPT is bound to only two other protein residues (one of which binds in a bidentate fashion) and a water. It is not unusual for a calcium ion to have a coordination number as high as eight (Brown, 1988) , and it can bind to a helix only near its ends. As can be seen from Table I , most of the metal ions (excluding Zn) bound to a helix are within four residues from an end of the helix. The exceptions are phospholipase A2 (where the metal binds to only three other protein ligands and two water molecules; binding in a bidentate fashion, the helix carboxylate group itself provides two ligand atoms) and hemerythrin (where all ligands are provided by adjacent helices). By the same steric consideration, Ca ion is unlikely to bind to the middle of a /3-sheet. It usually binds to the end of a strand (D10 in 3CNA, E230 in 1SGT, D81 in 2SOD) or to a peripheral strand (D57 in 3TLN). Magnesium is usually coordinated by six ligands (Brown, 1988) in its binding characteristics with respect to a helix or a /3-sheet. In the recently published structure of D-xylose isomerase (Henrick et al., 1989) , a Mg ion is coordinated by four carboxylate groups which are positioned at the C-terminal ends of four /3-strands; Mg(l) in 1PFK is bound to a residue at the N-terminus of a helix. Table I shows that most of the ligand residues are from helix, turn or regions with non-regular structure. In fact Ca-binding ligands in the EF hand (a Ca-binding structure resembling the E helix -loop -F helix domain of parvalbumin) (Kretsinger and Nockolds, 1973) are from two helices and intervening turns. The three ligands two residues apart along the sequence in proteins with the EF hand have structures helix(H)-tum(S or T)-turn(S). With only two such ligands, both can be from a strand (residues 8 and 10 in 3CNA), or one from a strand and the other from the adjacent turn (residues 57 and 59 in 3TLN). In three cases (2CPV, 3EST and 4SBV), ligands three residues apart bind to the same metal ion. Figure 6 shows that the water molecule binding the Ca ion is 'below' the side chain of the ligand glutamic acid, occupying a position that cannot possibly be taken by any other protein
Position of the ligand water

A .. .O(W)
. ligand. To hold the water molecule in this position through hydrogen bonding there is a Thr three residues preceding the Glu residue. Water seems to be an important constituent of the coordination sphere of metal ions with a bound Glu residue. The position of the water molecule with respect to the carboxylate side chain of the Glu residue usually follows one of the two types mentioned in Figure 7 . In the type I mode, one oxygen of the carboxylate group binds the metal ion, whereas the other forms a hydrogen bond with the ligand water molecule. In the type II mode, the metal ion is coplanar with the carboxylate group, being bound to the carboxylate oxygens in a bidentate fashion, and the water molecule is on the top of the metal ion with reference to the plane; both the water molecules in Figure 6 show this geometry. The water molecule is quite close to the Glu residue (Table III) , being hydrogen bonded to it (in type I binding) or to a residue close to it. It is interesting to note that Ca(2) in 2CPV does not have any water in its coordination sphere; instead, the hydoxyl side chain of a Ser residue acts as a ligand, simultaneously forming a hydrogen bond with a ligand Glu (Figure 8 ).
O ...M (I)
Type I binding, which was first observed in /3-trypsin (Bode and Schwager, 1975) , seems to be energetically favorable. Even in structures with a water involved in a type II binding with respect to a Glu residue, there is usually an Asp that binds the water in the type I mode (Table IV) . As in the coordination sphere of Ca(2) in 2CPV, the water molecule can be substituted by a hydroxyl group from a side chain (in 3TLN) or a substrate (2TMV).
The bidentate mode of binding is likely to be very stable (Christianson and Lipscomb, 1988) . However, in the presence of water (or any other ligand hydroxyl group), the type I binding seems to be equally favorable. Although not more than one carboxylate group binds in a bidentate fashion to a given metal center [exception, Ca(l) in 2CPV, Ca(l) in 3TLN], both the ligand water molecules in a-lactalbumin (Stuart et al., 1986) appear to be associated with two Asp residues to make two type I bindings. This mode of binding owes its stability to the five-membered ring that the carboxylate group forms with a water and the metal ion 
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Interaction of metals with carboxylk and carboxamirie groups (Figure 7) . Cyclic structures are known to be very stable and are observed when carboxylate groups dimerize (Dauber and Hagler, 1980) and have been proposed in the interaction involving a water molecule and a carboxylate anion (Cybulski and Scheiner, 1989) . It is to be noted that when the water is needed in catalysis, as in carboxypeptidase A (Christianson et al., 1987) and thermolysin (Matthews, 1988) , it is not involved in any type I binding. In both these cases, the water molecule is in type II mode with respect to the ligand Glu, which is not known to have any other catalytic role. The type I binding involving an acidic group from one molecule and a hydroxyl group from another molecule (as in 2TMV, Table IV) can impart stability to the interaction between the two molecules. This may play an important role in protein -nucleic acid interaction.
In type I binding, the metal ion is close to the syn lone-pair orbital of the carboxylate anion. Cations, which are neither bound in a bidentate mode, nor are involved in the type I binding, show no significant preference for the syn lone pair. Assuming cations within 30° of 4> = 6Q° to be along the syn direction and those within 30° of <£= -60° to be along the anti direction and not taking bridging carboxylates into account, in 20 cases the binding is along the syn direction (out of which 13 are associated with the type I binding) and in six cases the binding is along the anti direction. Theoretically, carboxamide can also form an isomeric type I structure by serving as a hydrogen bond donor to one lone pair on water; the other lone pair on water can bind to a metal, I  11  II  I  II  II  11  II  11  II  X  II  I  I  I  X  X  II  X  II  I *Ca(2) in 2CPV does not have any ligand water No water has been located in the coordination sphere of Ca(2) in 1P2P. b The snorter of the two distances from the ligand water to either OE1 or OE2 of Glu is given. ntie residue closest to the ligand Glu is given. Usually the water is also hydrogen-bonded to other protein or non-protein groups d As given in Figure 7 . Cases not belonging to either of these two classes are represented by X. There is no water molecule in the coordination sphere; however, its position is occupied by the hydroxyl group of the residue S55. 'Bridged to the ligand water via another water molecule. However, in another troponin C structure, 5TNC (Herzberg and James, 1985) , there is no bridging water. 8 At a position related by the 3-fold rotation of the virus particle. which in turn is bound to the oxygen of the carboxamide. However, considering distances between the water oxygen and the carboxamide oxygen in various structures, it appears that Asn and Gin with carboxamide side chains do not bind metal ions in the type I mode. Additionally, these groups cannot be involved in bindentate binding and as a result, bind metals along the C-O direction or in orientations with small </ > values ( + ve or -ve). Figure 7 . b The loop binding Ca(l) in 3ICB is not included, as its conformation is substantially different from that of the EF hand (Szebenyi and Moffat, 1986) . c An illustration is given in Figure 8 . d The hydroxyl group from its side chain substitutes for the water molecule and the Glu side chain at position 9 is hydrogen bonded to it.
Sequence in the EF hand
The allowed sequence in the 12-residue loop constituting the EF hand has been discussed (Tufty and Kretsinger, 1975; Herzberg and James, 1985; Szebenyi and Moffat, 1986) . It has been suggested (Szebenyi and Moffat, 1986 ) that the 3rd and the 5th positions in the loop are expected to be Asp or Asn. As shown in Table V , an Asp residue in either of these positions participates in the type I binding. As Asn cannot be associated with this type of binding involving a water molecule, it is unlikely that it can occupy both the positions in the EF hand. A Glu residue at position 9 acts as a ligand only in the coordination sphere of Ca(2) in 2CPV (Figure 8 ). This is the residue which is involved in the type I binding with the hydroxyl group of me Ser residue in position 5. It appears that a Ser residue at position 5 should favor a Glu at position 9; however, it is also possible that a slight adjustment in the loop conformation will bring the Ser hydroxyl group to hydrogen bond with the ligand Asp residue at position 1. Except the residue E62 in the coordination sphere of Ca(2) in 2CPV, all ligand Glu at position 12 in the loop binds in the bidentate mode-consequently, substituting the Glu by an Gin should affect the metal binding.
Various types of structural motifs that bind metal ions have been proposed (Kretsinger and Nockolds, 1973; Stuart et al., 1986; Vyas et al., 1987) . In this analysis we have examined the binding characteristics of individual ligand groups, instead of the whole motif. Metal-carboxylate interactions in various structures have been put on the same general basis and the important role water plays in orienting carboxylate anions in the coordination sphere of metal ions has been established. The preferred geometry of such interactions should be useful in understanding the binding affinities of various proteins for metal ions (Sekharudu and Sundaralingam, 1988; Szebenyi and Moffat, 1986) . In recent years site-directed mutagenesis has been used to introduce metalbinding sites in some proteins and thereby to enhance their stability (Serpersu et al., 1987; Pantoliano et al., 1988; Kuroki et al., 1989) . Secondary structural characteristics of ligand residues, as found out in this analysis, would assist in introducing suitable ligands at those parts of the protein structure that are likely to satisfy the geometric requirements of metal binding.
